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Me&od of manufecturing a semiconductor device, semiconductor device obtained wifli such 
a method apparatus for perfortning sucli a method 
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The invention relates to a method of manufecturing a semiconductor device 
with a semiconductor body comprising silicon which is provided with an n-type doped 
semiconductor region comprismg siUcon by means of an epitaxial deposition process, 
wbereta fte epitaxial deposition process of the n-type region is perfonned by positionmg the 
semiconductor body in an epitaxial reactor and introducmg m the reactor a first gas stream 
comprising a carrier gas and fiirther gas streams comprismg a gaseous compound comprismg 
^licoS tind a gaseous compound cbinprTsing an element from the fifth column of *e paiodic 
system of elements, while heatmg the semiconductor body to a growth temperature and u«ng 
an inert gas as the cairier gas. With such a method with in situ doped epitaxy it is envisaged 
to manufectuie semiconductor devices with a n-lype semiconductor region with a very high 
concentration and very sleep earner concentration profile. Drawbacks like ohamielhig, ion- 
induced damage and diffusion durmg post annealmg, which are feherent to an alternative 
technique like ion hnplantation are avoided. The mvention also relates to a semiconductor 
device obtamed with such a method and an apparatus for performmg such a method. 
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A method as mentioned hi the openmg paragraph is known firan "SiHcon 
epitaxy from silane by atmospheric-pressure chemical vapor deposition at low temperature" 
by P.D. Agnello et. al. which was published m Appl. Phys. Lett 61 (11). 14 September 1992, 
pp. 1298 - 1300. An m situ doped epitaxial deposition process at atmospheric pressure is 
de«;ribed usmg HeUum as a carrier gas. Dopmg is provided with the use of a gas stream of a 
gaseous compound of a V-element. ta^ case PH3. Growth is performed usmg as the alicon 
source a gas stream of a gaseous compomid of silicon, in this case SiH4. The results obtamed 
arecomparedwithshmlarexperimentbutwithHaasthecarriergasandSiHaOaC"^ ... 

25 DichlorosUane or DCS for short) as tiie gaseous siHcon source. 

A drawbadc of such a method is that the phosphor profile obtahied is not 
sufficiently high and steep and the crystallme quaUty of m particular the region grown with 
SiH4 is reported to be degraded and the growth rate to be retarded vdiile obtahih^ 

doping. 
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It is therefore an object of the present invention to avoid (he above drawbacks 
and to provide a method which results in a very high and steep doping proffle of an In situ 
doped epitaxial semiconductor region and at the same time allowing for a good oystalline 
quality of the region formed and for a relatively higjh growfli rate. 

To achieve this, a method of flie type described in die opeaiing paragraph is 
characterized in accordance with the invention oi that for the gaseous compound comprising 
silicon a mixture is chosen of a first gaseous silicon compound which is free of chlorine and a 
second gaseous silicon compound comprismg chlorine. Wifli the method accordmg to the 
mvention not only a veiy high doping concentration was obtained with a veiy steep profile 
but also the crystalline qualify of the material appeared to be good enough to manufeeture • 
practical devices. Also a very practical growfli rate was obtained. Surprisingly, the 
combmation of a gaseous silicon source which is free of chlorine and a gaseous silicon 
source which comprises chlorine allows to reach all the aims envisaged. Very satisfectory 
results w«e obtamed with a mixture of silane and dichlorosilane while for tihe carrier gas 
nitrogen was chosen and growth was performed at reduced pressure and at a relatively low 
temperature. 

Jn a preferred embodiment of a method accordmg to the mvention thus silane 
is chosen for the first gaseous silicon compound and for the second gaseous silicon 
con^und didilorosilane is chosen. Preferably, phosphine is chosen for the gaseous 
compound comprismg a V-element. Best results w«e obtained at a growth temperature in the 
range between 500 and 600 *»C. The - reduced - operatmg pressure is preferably chosen in 
Ihe range between 120 and 160 Ton*. 

TTie method accordmg to Hxe invaition is particularly suitable for forming tfie 
source and drain region of an (n-channel) MOSFBT (= Metel Oxide Semiconductor Field 
Effect Transistor). 

In a very &vorable embodhnent of a method accordmg to the mvention after 
the growtti of the n-lype semiconductor region comprising silicon Ihe deposition process is . 
contniued with the growfli of a fiirfliw semiconductor region comprismg a lower n-type 
dopmg ftan the semiconductor region or a p-type doping and m that at least between the 
growfli of the semiconductor region and ihe growth of the fiirlher semiconductor region, the 
carrier gas of the iuCTt gas is replaced by a carrier gas comprising hydrogen. It has been 
found that although die majority of relevant properties is optimal when an inert carrier gas 
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like nitrogen is used, tiie steepness of the V-«lement profile, e.g. the phosphor profile, is even 
better if the carrier gas is temporarily switched to hydrogen. 

Preferably said switching process involves a cycle of three periods: a first 
short period in which the carrier gas of an inert gas is maintained, a second short p^iod in 
S which the carrier gas is replaced by hydrogen and a third short period in which Ihe carrier gas 
is switohed back to the in^ gas in "v^ich the dqposttion process is continued but without the 
presence of the gaseous compound of the V-elonent Short in this respect means a time lying 
between e*g. 1 sec and 30 sec. 

It s^peared ttiat even bett^ results are obtainable if said cycle is repeated a 

10 number of times. Improvement; Le. a lower shoulder on the phosphor concentration profile^ is 
still observed afier a repetition of three times the above cycle. During the deposition of the 
fiifther'semicohdiicfor region, th@~ga^ stri^am of the gaseous compound *wifb the V-elemrat is 
preferably chosen to be zero and rq>laced by another gas stream compri^g a gaseous 
con4)ound comprising an element of the tibird column of the periodic system of the elements, 

1 5 resulting in a device comprising a p^^e further semiconductor region on top of the n-type 
semiconductor region. In this way pn junctions of e.g. a diode or of a part of a (bipolar) 
transistor may be grown. 

In this respect; the method according to the above embodiment is very suitable 
for making pnp bipolar transistors of which the n-type base region is formed by the n-type 

20 semiconductor region and the p-type fitter region is formed by the further semiconductor 
region* A very steep junction between base and emitter of such a transistor,; together with a 
veiy high doped emitter, results in superior properties of such a transistor like a better cut ofiT 
fi'equCTcy in a pnp transistor comprising a Ihin undoped region between the base and the 
«iitten The invention also involves advantages in the manu&cturing of a npn transistor, in 

25 which now a monokristallijne CTiitter may be grown in stead an often used polyc^stalline 
emitten The form^ allows for a reduction of the emitter resistance and improvement of high 
fiiequency behavior. From the above it is clear that a method according to the inv^xtion may 
be applied with advantage in a BI(C)MOS ( = Bipolar (Complementary) Metal Oxide 
Semiconductor) process. 

30 The method according to the invention is also very suitable for forming layer 

structures comprising a mixed crystal of silicon and germanium. In that case a gaseous 
compound of germanium, like Germane (GeH4), is mtroduced into the reactor during growth. 
Germanium is increasingly introduced in one or more layers of both bipolar transistors or 
MOSFETs. 
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TTie invention comprises also a semiconductor device obtained by a method 
according to tlie invention. Furthemiore, the invention comprises an apparatus for performing 
a method according to the invention which is characterized in that the apparatus comprises a 
deposition reactor and is provided with a first source for a gaseous compound of silicon 
5 which is fiee of chlorine and a second source for a ^eous compound of silicon which 
comprises chlorine. Preferably the apparatus is provided with a first carrier gas source 
comprising an inert gas and a second carrier gas source comprising hydrogen and with means 
to switch the carrier gas fi*om the inert gas to hydrogen during the deposition process* 

10 

These and other aspects of ibe invention will be apparent fi'om and elucidated 

with reference to the embddiicnents described hereinafier, to be read in conjunction with the 

drawing, fai which: 

Fig. 1 shows tiie growth rate of an in situ doped layer as a function of the total 
IS pt^ssure for a method according to the invention and another method for comparison^ 

Fig* 2 shows the carrier concentration of in situ doped layer as a fonction of 
the total pressure for a method according to the invention and another art method for 
comparison^ 

Fig. 3 shows the conc^tration pro&le of dopant atoms m a layer structure 
20 grown v/ilh a method according to the invention in which the carrier gas is switched from 
nitrogen to hydrogen. 

Figs. 4 and S show the concentration profile of dopant atoms in a layer 
structure in which a switch cycle fiom nitrogen to hydrogen is repeated. 

Fig. 6 shows the influence of the repetition of the switch cycle of Figs. 4 and 5 
25 on the shoulder concentration of a dopant profile, 

Fig. 7 shows a first example of a semiconductor device obtainable with a 
method according to tiie invention, and 

Fig. 8 shovra a second example of a semiconductor device obtainable with a 
method according to the invention. 

30 



The Pigs, are diagrammatic and not drawn to scale, the dimensions in the 
thickness direction being particularly exaggerated for greater clarity. Corresponding parts are 
generally given the same reference numerals and the same hatohing in the various Figs. 
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Fig. 1 shows the growth rate (Vg) of an in situ doped layer as a function of (he 
total pressure (P) for a method according to the invention and another method for , 
comparison. The latter method comprises the nse of a nitrogen (Na) carrier gas at a flow of 15 
shn, a sUane flow of 200 seem and a flow of 100 seem of a mixture containing 0.1 % 

ph<^Wne in Ifc. Data point 1 1 represents the growth mte (Vg) in nm/mm at a temperature of 
600 "^C. curve 12 comiects data points at 575 and curve 13 comiects data pohite at 550 ''C. 
Theresultsrepresented by curve 14 were also obtained at 575 but the phosphine mixture 
flow was 200 seem while the other flows are the same as mentioned above. 

The data points connected by curve 15 represent results obtained with a 
mefliod according to the mvention m which a mfacture of silane and dichloiorilane was used 
as the gas stream comprising a gaseous compound of silicon. The flow rate of silane was 200 
sc^i ^Uthe flow rate of didildiosilane was 20 scdm. The earner gas flo^. thephosphme 
gas flow and the growth tempemture wet« the same as for the results of curvel4. From Fig. 1 
it is clear that a method accordmg to the invention gives - for comparable conditions - a 
larger growth i«te than a mettKHl in which only sflane was used as fl» gaseous siUcon 
compound. 

Fig. 2 shows the carrier concentration (N) of hi situ doped layer as a function 
of the total pressure (P) for a method accordmg to the,hivention and another method for 
comparison. The data pomts/ symbols /curves correspond with those of Fig. 1 and sire 
indicated m Fig. 2 by the reference numerals 21, 22, 23, 24 and 25. Again it is 'clear that - for 
comparable conditions - a method according to tte invention (see curve 25) is superior m 
obtahiing a very high carrier ooncenlration. 

Fig. 3 shows the concentration profile of dopant atoms (Q m a layer stnicture 
grown with a method accordmg to the tovention in wWdi the carrier gas is switched fi^ 

nitrogen to hydrogen. The, in this case phosphor, concentration C is giv«i as a fimcfion of the 
depth d in a layer structure, comprishig a first region 3 1 which corresponds to a p-type silicon 
substrate, a second region 32 in which a doped siUcon layer is grown with nitrogen as carrier 
gas, a third region 33 in whidi an undoped dUoon layer is grown with nitrogen as carrier gas 
and a fourth region in whidi an undoped layer is. grown wifli hydrogen as carrier gas. Ttie 
curves 333 were obtamed wife various growth conditions but show all a strong decrease of 
the phosphor concentration hi the first midoped region 33 grown after growth of the doped 
region 32. Moreover, a very strong and moreover a very steep decrease of flie phosphor 
concentration is observed in fee second undoped region 34 which was grown usmg hydrogen 
as fee carrio: gas. 
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Figs. 4 and 5 show the concentration profile of dopant atoms in a layer 
structure in which a switch cycle from nitrogen to hydrogen is repeated between the growth 
of a phosphor-doped layer and an undoped layer. Again the phosphor concentration C is 
given as a function of depth d ui a grown layer structure, see curve 40. The upper part of fte 
Figs, represent growth temperature Tg and the schedule of the gas flows which was foUowed. 
Symbol 48 corresponds with nitrogen as the carrier gas, whereas symbol 49 corresponds with 
hydrogen as the carrier gas. In each case three phosphor spikes 41, 42, 43 were grown each 
about 40 nm thick at growth temperature Tg of 575 <>€ and with nitrogen as the carrier gas. to 
between an undoped about 250 nm thick silicon region 45 was grown at 700 °C and with 
hydrogen as the carrier gas. In between growth of the spikes 41-43 and an undoped region 45, 
a cycle without dopmg was effected which comprised a short firet period (e.g. 20 sec) of non- 
growth with nitroigen as the-cdifier gais, a second short period of non-growth with hydrogen 
as the carrier gas, and a third short period with small growth rate and (again) nitrogen as the 
cairier gas. After spike 43 this cycle was performed once, after spike 42 twice and after spike 
41 three times. It is clear form curve 40 that the phosphor concentration at the shoulder Cm 
of the profile 40 is lower if the above cycle is repeated. Even a repetition of three times 
resuhs m a still lower vahie of tiie concentration Cm. Thus it is agam clear from tiiese results 
that a short switch to hydrxjgen gas as tiie canier gas after growth of a - phosphor - doped 
region results m a steeper reduction of tiie phosphor concentration m a non-phosphor doped 
i^on 45 grown on top of a phosphor doped region 41,42,43 . 

The above results are tiie same bofli for the data of Fig. 4 and Fig. 5. The only 
difference is fliat m Fig. 5 tiw growfli temperature is maintained at 575 » durmg each cycle, 
whereas in tiie experiment of Fig. 6, tiie (growtfi) temperature was mcreased to 650 <> during 
tiie non-growth period with hydrogen as the carrier gas. 

Fig. 6 shows tiie mfluence of tiie repetition n of tiie switch cycle of Figs. 4 and 
5 on tile shoulder concentration Cm of a dopant profile as afready mentioned above. Curve 
61 oonesponds witii tiie results of Fig. 4, whHe curve 62 coiresponds witii flie results of Fig. 
5. to each case it is again shown fliat repetition of the carrier gas switch cycle n-times wifli 
DFl, 2 or 3, results m an hnprovement of tiie ste^ness of a phosphor profile grown before 
tiie cycle. 

Fig. 7 shows a first example of a semiconductcnr device obtamable witii a 
method accordujg to tiie invention. Hie device 10 comprises a MOSFET witii a 
sranlconductor body 1 wifli to fliis case silicon substrate 3 on top of which an n-lype 

(phosphor) doped region 2 is grown aocally) at botfi sides of a p-lype region 4. The r^ons 2 
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form the source and drain of the MOSFET whereas region 4 comprises the channel region 
wWch is below an insulating, e.g. silicondioxide, layer 5 on top of which the gate electrode 6 
is present Metal regions 7,8 form the connection conductors for the source and drain 
respectively. Thanks to the feet fbat the device 10, in particular the regions 2 thereof, .are 
5 obtained with a method accordhig to the invention, the source and drain regions of ttie 
MOSFET have a very high carrier concentration vMch has the advant^e that contact 
resistance to the source and drain contacts are favorably low and at the same time the dopant 
profile is veiy steq> thanks to the relatively low thermal budged of tfie method according to 
the mvention. Note that the insulating layer 5 on top the source an drain will be m general 
- 10 another layer than the one present below the gate 6. Iliis is difffflwit from wlMt Fig. 7 

suggests. 

■ - " Fig. 8 shows a secftfld example of a sraniconductor device obtainable with a 
method according to the invention. The device 10 here comprises a bipolar, transistor with a 
semiconductor body 1 again comprismg a p-type siUcon substrate 3 which fomSs a high 
15 doped collector regicm 3 of the fansistor. On top tihtraeof a layer structure ocmipriang a 

relatively low doped p-type layer 4 is grown whidh forms a lower doped part of the collectcn-. 
On top ftereof a relatively high doped n-^e (pho^or doped) silicon r^on 2 is grown 
which forms Ae base of the transistor and on top thareof a high doped p-type emitter l^er 5 
is grown. Hie structure is locally etched in sudi a way th^ regions 3^2 and 5 become 
20 available for proviaon wiBh a contact metal, respeotivety metal 6,7,8 to collector, base and 
emitter of the transistor. The surfece of the structure is passivated with an insulating layer 9. 
Thanks to *e feet that Ae device 10, m particular the regions 2 tbeteof, are obtamed with a 
method according to «ie hivention, the transition between the base and the emitter of a 
bipolar ttanrfstor is very sharp, whidi has the advantage that the transistor may have a very 
25 goodhi^frequenjybdjavicM', e.g.av«yhi^c«tofFftequency. 

In Ms case, if a voy thin p-*ypo ranitter 5 is desired, the growth of the latter is 
preferably done at the same low growtfi tonperature as at which the phosidior doped base 
layer 2 b grown. If a thicker emitter 5 is deshed, the growth temperature may be increased 

before and during growth ofthe emitter layer s. 

30 It will be obvious Hast the invention is not lunited to tiie examples described 

herem, and Aat \Man the scope of the invention many variations and modifications are 
possible to tiiose skilled hi the art 

For example in stead of disCTete MOSFET at b^lar transistor, a complete 
IC may be advantageously manufectured witii a method according to tiie invention. In 
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particular the method is suitable for the manufacture of BICMOS devices comprising both ■ 
npn and pnp bipolar transistors^ 

Although the problems solved with the invention are most prominent phosphor 
as a n-type dopant, similar beneficial effects of the invention are likely for other V-element 
5 dopants like As and Sb, In stead of silane also disilane (SiaHfe) or the like may be used, in 
stead of DCS other chlorine containing gaseous silicon compounds like tri- (SiHCls) or 
tetrachlorosilane (SiCU)may be used. 

It is further noted that although nitrogen does give good results and is very 
attractive as an inert carrier gas because it is cheap and easy to handle, similar results are 
1 0 expected with inert gasses comprising e.g. a noble gas like helium or argon. 

Finally it is noted that also carbon may be added to a silicon or silicon- 
getmahiumi^ohl 



C3LAIMS: 
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1. Method of manufecturfng a semiconductor device (10) with a semiconductor 

body (1) con^rising silicon which is provided wiih an n4ype doped semiconductor region 

(2) comprisfaig silicon by means of an epitaxial deposition process, wherein the epitaxial 

deposition process of the n-type region is performed by positiontag flie semiconductor body 

5 (1) fa an epitaxial reactor and introducing in Ihe reactor a first gas stream comprising a carrier 
gas and further gas streams comprismg a gasTOUS compound comprismg silicon and a 

. g««eQU5 comppimd comRising m 

elements, while heating the semiconductor body (1) to a growth temperature (T^ and using 
an mert gas as ihe carrier gas, characterized m that for the gaseous compound comprising 
10 silicon a mixture is chosen of a first gaseous siUcon compound which is fi«e of chlorine and a 
second ^weous siUcon compound comprismg chlorine. 

2. Mefliod accordhig to claun 1, characterized in that the first gaseous siUcon 
compound silane is chosen and f9i: ihe second gaseous silicon compound dichlorosilane is 

15 chosani. 

3. Method according to claim 1 or % characterized in that for the gaseous 
ccHnpound compriang a V-el«anait, phosphfae is chosen. 

20 4. Method accordmg to claim 1, 2 or 3, characterized in that for the growth 

temperature (Tg) a temperature m the range between 500 "C and 600 is chosen. 

5. Method according to any one of the preceding claims, characterized in that the 

epitaxial deposition process is performed at reduced pressure (P). 



25 



6. Method accordhig to clahn 5, characterized in that a pressure (P) is chosen 

betwerai 120 and 160 Torr. 
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7. Method according to any one of the preceding claims, characterized in that for 

the semiconductor device (10) a MOSFET device is chosen and the semiconductor region (2) 
is formed as the source and/or drain of the MOSFET device. 

8 Method according to any one of the clahns 1 to 6, characterized in that the • 

after the growth of the n-type semiconductor region (2) comprising silicon the deposition 
process is continued with the growth of a further semiconductor region (3) comprising a 
lower n-type doping flian the semiconductor region (2) or comprising a p-type doping and in 
that at least between the growth of the semiconductor region (2) and the growth of flie further 
semiconductor region (3), the inert canier gas is replaced by a carrier gas comprising 
hydrogen. 

9. Method according to claim 8, characterized in that after growth of the 
semiconductor region (2), tfie carrier gas of an inert gas is maintained in a first short period of 
a cycle of three short periods, the carrier gas is replaced by hydrogen during the second short 
period and the carrier gas is switched back to the inert gas during the third short period in 
which flie deposition process is continued but without the presence of the gaseous compound 
of the V-element. 

1 0. Method according to claim 9, charact^ized in that the cycle of three periods is 
r^)eated a number of times* 



1 L Method accordmg to claim 8, 9 or 10, characterized in that durmg the 

deposMon of the further semiconductor region (3), the gas stream of the gaseous compound 
with the V-element is chosen to be zero and replaced by another gas stream comprising a 
gaseous compound oomprismg an elemrat of the third column of the periodic system of the 
elements, resulting in a device (10) comprising a p-type further semiconductor region (3) on 
top of the n-type semiconductor region (2). 

12. Method according to claun 1 1, characterized m that for the semiconductor 

device (10) a pnp bipolar transistor is chosen of which the n-type base region is foraied by 
the n-lype semiconductor region (2) and the p-type emitter regions is formed by the further 
semiconductor region (3). 
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13. Method acconimg to any one of the precedfaig claims, characterized imhat . , 

. nitrogen is ohosea as the inwt gas. 

14 Mettiod according to any one of the preceding claims, characterized inihatthe 

5 semiconductor region and/or the further semiconductor region are formed as a mixed crystal 
of silicon and germanium by leading a yet another gas stream to the reactor comprismg a 

gaseous coDopound of germanium. 

15. Semiconductor device (10) obtamed by a method accoiding to any one of the 

10 preceding claims. 

ig - Appamfas for perfoiming a method according to any one of^^^^^ 

characterized in that the apparatos comprises a deposition reactor and is provided vnth a first 
source for a gaseous compound of silicon which is fi«e of chlorine and a second source for a 
15 gaseous compound of siUcon which comprises chlorine. 

17 Apparatus according to claim 16. characterized in that it is provided witti a 

first carrier gas soun^e comprising an mert gas and a second earner gas source comprising 
hydrogen and with means to switch the carrier gas fiom the inert gas to hydrogen during the 
.20 deposition process. 
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ABSTRACT: 



The invention relates to a method of manufecturing a semiconductor device 
(10) with a semiconductor body (1) comprising sflicon is provided with an n-type doped 
semiconductor region (2) compristog siKcon by means of an epitaxial deposition process, 
wherdn tibe epitaxial deposition process of the n^e region is performed by positionhig IJie 
semiconductor body (1) in an epitaxial reactor and introducing in the reactor a first gas 
stream compriang a carrier gas and finrfher gas streams comprising a gaseous compound 
con>prisu|g silicon and a gaseous compound comprising an element from the fiflh column of 
the periodic system of elements, while heatmg the semiconductor body (1) to a growth 
temperature (Tg) and using an inert gas as the carrier gas. Such a method forms an attractive 
attermdve for ion in^lantalion to obtain doped regions in a silicon device. 

Accordmg to the mvartion for the gaseous compound comprising silicon a 
mixture is chosen of a first gaseous silicon compound which is fi^ of chlorme and a second 
gaseous silicon compound comprising chlorine. Such a method allows for a very high carrier 
concentration in the in-situ doped grown region (3). Nitrogen is the preferred carrier gas. In 
addition if a lower doped, undoped or p-lype doped region (5) is grown on top of the doped 
region (2), a very steep and sharp transition between these regions (2,4) is obtained. In such a 
case, the carrier gas is preferably at least shortly switched firom nitrogen to hydrogen after 
growth of the n-type region 2. The method fiirther comprises a semiconductor device (10) 
obtamed with a method according to the invention and an apparatus suitable for applying a 
method according to ttie invention. 
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